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ABSTRACT

This report is the first in a series of five describving an
extensive series of model tests on air blast propagation

in underground ammunition storage sites. A general descrip-
tion is given of the scope and purpose of the tests as well
as a presentation of the principles of scaling and various
intrinsic uncertainties which may cause problems in the
modelling technique. The report also surveys the test
programmne, instrumentation, and data reduction for the whole

test series.
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1.2

INTRODUCTION

This report is the first in a series of five /1-6/%
describing an extenive series of model tests on air
blast propagation in underground ammunition storage
sit

9]

~
Doe

These tests are a natural continuation of earlier
work performed by this office in this general field
/1-12/.

Study Objectives

The basic objectives for performing these tests have
been to use several empirical and theoretical scaling
techniques to combine'air blast data into a form

that allows the prediction of blast wave propagation
inside o wide range of typical underground ammunition
storage sites as a function of explosive guantities
and geometrical parameters; These methods of pre-
dictions will thus giﬁe the design engineer a tool

to evalvate the effects of different layoutls and
geometries, In particular, it will be possidnle to
specify the necessary strength of blast doors; blast
valves and blast walls to prevent the propagation of
detonation from one chamber to another in a connected
chamber storage site. Furthermore, in the determina-
tion of the ?ressure and impulse at the exit of the
tunnel leading into the underground storage complex,
it will be possible to determine the hazardous area
around such a site /13, 14/.

Problem Backzround

The detailed analysis of accidental explosicns in
underground ammunition storage sites in regard o
blast wave propagzation generally involves taree
distinct steps:

Determination of the pressure—timé history in the
storage chamber; determinavion of the blast wave
propagation from the storage chamber down the main
passageway (or between chambers in connected chamber

* Numerals in / / cCeszicnate appended references
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storage sites); and finally, mapping of the blast
wave emerging from the exit of the tunnel in the
terrain outside., This analysis can generally be
performed in three ways: full scale testing; theoreti-

cal calculations; or finally, model testing.

As far as theoretical treatment is concerned, one

can in principle describe the blast propagation by

sets of mathematical cquations, and attempt to solve
these equations numerically. However, the methods of
computation are often so involved that one cannot
economically repeat these computations while varying in
a  systematic manner all of the physical parameters
which may affect the blast wave, One important point
to remember is that one has no idea of the accuracy

of such theoretical solutions until proof tested.

The second possibility is experimental studies in
large or full scale. Such tests would, however, be
very costly, take long time and also cause instru-
mentation and manning problems., This would limit

the number of tests to a very few special cases, and
there could be a tendency to draw conclusions outside
the range of the actual experimental and gecmetrical
conditions.

The third and last possibility is model testing
using similarity methods. This method forms the basis

for the experiments presented in the present reports.

Scope of Report

The general principles of scaling are presented in
{
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Sec.2 together with a discussion of wvario
uncertainities which may csuse problems in the modelling
technique, The test plan and models are described

in Sec.3 followed by a preseantation of the instrumenta-
tion in Sec.4. Section 5 contains a description of

the data reduction aand g discussion of the experi-
mental errors.
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The appendices provide more detailed sources of in-
formation of the data reduvuction and analysis for
this whole series of reports.

Because several terms that relate to blast propasa-
tion in underground ammunition storage.ére used
differently by different authors, a list of defini-
tions is also included as a separate appendix.

THEORETICAL CONSIDERATIONS

Scaling Relationships

The basis for the scaling relationships used in the -
present work correspond to the familiar Hopkinson
scaling laws /15/. The use of models requires com-
plete geometrical similarity between the model and the
full scale system. If the linear scale factor is n,
the relationship between distances in the full scalc
(subcript ') and model (subscript M) is

L = nI}I{[ ’ . (201 8.)

P

Likewise,; areas scale as

il

Ap = n°hy, - (2.1 b)

T

and volumes as

a3
Vp = nVy (2.1 ¢)
For the energy release
£ 2.1 4
EF=nui‘,I ( o )

This energy scaling is also valid for the explo-
sive quantity if the energy release per unit weight

is constant:

Q, = 070 | | (2.1 e)
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The blast wave parsmeters scale as

pF = pM e (2.1 f)
for peak pressure, and

Ip = nly | (2.1 g)

for impulse, and

t, =

. (2.1 n)

M
for characteristic times.

Inherent in this simple scaling is the assumption
of perfect gas behaviour of air and no differences
in ambient conditions (e.g. temperature and pressure)

- between the model and prototype. Furthermore, the

theory does not account for energy dissipating effects
due to tunnel or chamber walls such as: thermal energy
transmission to the walls; elastic or inelastic de-
formation of the walls; viscous loss due to wall rough-
ness.

If one tried to scale all these effects properly fronm
a full scale system, it would reguire tesis in scale
1:1. It is therefore important to try to put an upper
limit on the uncertainties involved in neglecting
ec.2.2 -
2.4, and 1t will be shovmn that the effects from these

non-scaled effects. This will be attempted in S

sourcss will be relatively unimportant except maybe

for the viscous loss due to wall roughness. However,

as the relative wall rdughness is normally significantly
larger in a full scale site than in a steel moéel, the
model data would tend to be conservative or on the safe
side. L . AR
As will be discussed in the succeeding rewnorts, care-
ful inspection of the experimental results from the
various model tests have produced extended emnirical

scaling relationsinips representing a wide range of

important geometrical parameters. One should note
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the distinction between scaling laws and scaling
relationships in this connection as the former re-
quire complete geometrical similarity between the
model and the prototype.

Effects of Thermal Inferactions with the Walls

The detonation of explosives in confined regions such
as storage chambers produces hot gases from which
energy is transferred by heat flow to the much cooler
confining walls. There are two mechanisms involved

in this heat transfer: Radiation and a combination

of .conduction and convection. In that the surrounding
medium is rock in the full scale case and steel in the
present model tests,the heat losses do not scale due
to the large difference in thermal properties.

The question is therefore whether these effects will
be of such magnitude that it will introduce large
systematic errors in the scaled data.

Earlier theoretical calculations have been carried out
to estimate the heat conduciion in a detonation
chamber in full scale (rock) and steel models in
linear scales 1:10 and 1:100 /16/. The basic results
are reproduced.in FPig.2.2 for a loading density of
100 kg TNT/m3. It can be seen that for the full
scale case (chamber radius R, = 6 m), the heat loss
is relatively unimportant. For a steel model in a
linear scale 1:100, the heat loss is estimated to be
about 14% of the total heat at a scaled time t/X, =
20 ms/m, corresponding to 120 ms in the full scale
case /17/. Qualitative arguments have also been
given to the efféct that the relative heat loss in-
creases with decreasing loading densities and that
the result from a 1:100 steel model 2t low loading

densities are cxpected to be quite misleading unles

o)

S
a heat loss correction is applied. Fortunately, the
present series of experiments offers some results

which can be used to check these conclusions., How-
ever, first an attempt will be made to convert the
thermal loss into pressure effects. This cannot be
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performed in a straightforward way, but to first
order the pressure decrease in an unvented chamber
due to conduction loss can be roughly described as

/18/

. axm
d B \
—M-_E =! -a-.-_t—-—-c(x- 1)/V (?'2 a)

Here, dEC/dt is the heat loss in watts, V is

the chamber volume, and Y = CP/CV the usual
specific heat ratio for the detonation products.
Assuming ‘x to be constant, the relative pressure
decrease can be found from Eg. (2.2 a) to be
approximately equal to the relative heat loss

Lo (2.2 )

Another heat transfer which produces pressure
decay, 1is radiation. There are indications that
conduction effects at the high temperatures of
internal explosions are less than those of radia-
tion /18/. However, the radiation loss is expecied
to produce approximately the same effects whether
the confining walls are rock or steel.

Relatively good experimental estimates of the
meximum effects on peak pressure and positive
impulse of the heat loss are provided by the

closed bomb tests in Report II A /1/, and the
connected chamber storage itests in Report |

IV A /2/. Details are given in these reports

and only one example will be discussed here. In one
typical closed bomb test with a loading density of
11 kg T¥I/m3 (effective chamber radius R =

0,15 m), it wes found that the pressure fell

approximately 15% in the first 't;/Ro = 20 ms/m
scaled time. In the following ’c/Ro = 200 ms/m

the pressure Tell only about 5%.
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These pressure drops are considered to be upper

limits for the effects from heat loss duve to con-
duction in as much as part of the pressure drops
found in these tests are in fact due tq small leaks
in the detonation chamber (Sec. 3.5)as ﬁell as radia-

—— - e .

tion loss. As noted earlier, the effects from
radiation probably exceed those of conduction. TFron

this particular test and from similar observations

of the other test results referred to earlier, it is

therefore concluded that the heat loss will be of no

practical importance as to the correctness of scaling
the present steel model results to full scale in-

stallations in rock., Thus, the calculations in

Ref. 16 appear Lo overestimate the effects from heat

loss in this connection,

One possible explanaticn is that the steel walls are
assumed to be completely clean. This is far from
being true under normal experimental conditions. The
walls will be somewhat corroded and covered with
soot due to the incomplete detonation of TNT. This
will certainly reduce the effective heat transfer to
the steel, but it ig hardly possible to be more

-spesific on this point without detailed calculatioas.

Mechanical Interactions with the Walls

It is of interest to put some upper limits on the
effects from elastic or plastic deformations of the
chamber walls in the present tests. Steel is elastic
up to approximately 200 kbar and there will Dbe
negligible direct energy loss at the present pressure
levels (Report II A). FHowever, due to the oscilla-
tions of the pressure-time history (Report II A),

the. chamber walls will also o¢scillate. This will
cause some changes in the blast wave emerging from
the chamber with a smal’ lowering of the pressure

and an increase in the duration of the blast wave.
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For the simplified case of a spherical chamber shown
in Fig. 2.3, it can be shown that the deformation
energy from a step load is approximately given by

R13 R13 R2..3
B = 29 —~—- = . + ) p
D 4 3 N2 o+ 3 4

Ry” - RyTOS4T T A Ay

2

(2.3)

with parameters defined in TFig. 2.3.

To evaluate By relative to the total energy release,
one particular case will be considered with the

‘following values /19/:

51,5 g TNT
v, = 300 cm® = volume of detonation chamber

Vv 24500 cm3 = total volume of chamber

2

This produces
Q/V, L 172 kg/r3 = loading density
with an average chamber pressure of (Report II A)

p & 2000 bar

The total energy release is

E, ~ 1,4 x 10° Joule (2700 Joule/g TNT).

The volumes V1 and VZ correspond to the following

equivalent syherical radii:

R1 = 4,2 cm

R2 = 18,0 cm.
Using these values and the values given in Fig. 2.3
for steel, Eg. (2.3) produces the total deformation

energy

CD = 58 Joule
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and relative to the total energy release

D/u ~N 4 x 107 -4 or 0,04%.

As p d:Lt,thlS shows that the mechanical interaction
with the walls is expected to have a negligible

effect on the front pressure.

This can be compared with a corresponding full scale
chamber in granite (with the same geometry aé in
Fig. 2.3) in a linear scale 100:1 of the model. Using
the material constants in Fig. 2.3, the relative de-
formation energy is approximately

Ep/Ey~ 0, 4%

or ten times as high as for the steel model. (This
can be seen immediately as the elastisity module
for steel is approximately ten times as high as the
elastisity module for granite).

The general conclusion which can be drawn from these
epproxinate calculations is that the energy loss

due to elastic deformation of the chamber walls will
not significantly affect the scaling relationships
hetween the present model tests and prototype in-

stallations in rock,

The preceeding analysis 1s based on the assuﬁntion
of elastic deformations of the detonation chamber.

In practice, however, there will also be small
permanent deformations of the chamber and exit tube
(visual inspection after mony shots). It is reason-
able to assume that this will produce negligible
energy losses, This will also be the case for proto-
type installations in rock with sufficient overnead
cover to prevent venting, as the destruction is
expected to take place in the vicinity of cracks and
flaws in the rock., DBven with the destruction of
inner concrete liner walls, the relative energy loss
is exveocted to be less then 1% /20/.
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In the model tests, shock waves in the air
surrounding the model will also be generated. The
energy of these must be transmitted through the steel
walls, and has to be less than the deformation energy
taken up by the model. This type of energy loss can
therefors also be neglected.

Viscous Losses to the VWalls

There are numerous experimental results pointing to
the effect that blast waves in tubes and tunnels

may be damped significantly due to viscous losses
stémming'from wall roughness /21, 22/. 1In particular,
the results from recent large scale lests in rock
tunnels in Sweden /23/ and Norway /24/ have showed a

~viscous damping of typically 40-80% in the average

peak overpressure for travel distances of ahout 20
tunnel‘diameters° These unusuvally large damping
effects wexre dvue to large wall roughuesoes which
were typically 5-10i of the tunnel diameter.

For the steel models in the present experiments, the
viscous damping will be much less as the tube walls
are relatively smooth (Sec. %). This has been

clearly demonstrated in earlier tests of one-dimensional
blast wave propagation in tubes and tunnels with dia-
meters renging from 5 to 600 cm /21/. Considering

the practical accuracies aimed at in these tyves oi
experiments, it was found that the viscous damping
could be described adequately using a model originally
proposed by Porzel /25, 22/. This model has also

been relatively successful in describing the viscou
demping in the Swedish tests referred to earlier /25
It is therefore of interest to outline the resultis

of this model.

Irom thermodymemics it can be shown that pressure re-
duction due to wall roughness is given to a good
approximation by /25/:




12

Y(p) = constant - 26:%- % (2.4 a)

Here, Y(p) is an impedance function

2.+ 1 . A
Y(p) =;€;’—£—-—;I—lnp "'/Z’/é‘:/“;l‘ ln (P +/(‘«+ 1)—5 (2'4’ o)

where p is the dimensionless overpressure ratio
P = pco/pO and p, = ambient pressure /27/. Further-
[

morevﬁ,is a thermodynamic parameter

o= (X+ 1)/(3).— 1) (2.4 ¢

where X is the usual ratio of the specific heats,
X = cp/cv’ The constant € in By, (2.4 a) is a

proportionality factor or efficiency with

1/2 £ €& = 1 (2.4 Q)

It has been argued thaté& 22 1 for ‘Ystrong impédance",
i.e. in early shock wave formation and € 2. 1/2 for
"weak'impedance” or beyond a so-called choke forma-
tion in the tunnel. ¢ in Bq.(2.4 a) is the average
roughness of the tunnel. Tor engineering purposes,
an adequate value can be found from

e = jed (Area)/‘jd (Area) (2.4 )

where e equals the depth of roughness and the area
is integrated over the wall of the tunnel. Finally,
D = hydraulic diameter = 4 A/S, with A the cross-

sectional area and S the tunnel perimeter.

For high pressures, p» ( = 6 for air with y = 1,4),
Eg.(2.4 ) reduces to Y(p) = lnp and therefore 1np = constant

€

s, which has the solution

H
[\
ol
il
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i %
p(L) = p(L,)exp(-k —5—) (2.4

with an attenuation constant /28, 29/
e .

It is also interesting to note for low pressures,

p<</a/, Yo - 1/p, the relative pressure attenuation
expressed in Bg.(2.4 a) is minutely small compared to

the high pressurve attenuation in Eg.(2.4 f).

The value for e in Ec.(2.4 a) has been fitted to euperi-
mental data referred to carlier /21, %0/ and ihe results
show falr agreement with the values for € when measured

directly.

Validity of Model and Targe Scale Testing

It is often arguved that one has no check of the
accuracy of model tests unless a direct model-
prototype comparison ig conducted. In as much as there
are relatively few large scale tests on underground
ammunition storage, only a few comparisons for very
special cases can be made., It will thereflfore be con-
sidered very important, throughout this series of
reports to discuss in some detail those comparisons
for which hoth model and prototype data are available.
The term "validity of model testing! is often misused
as one receives the impression that model-prototype
comparison is always neceded because the analysis
applies similtude technique. One shouvld rather con-
sider the few model-protoctype comparisons as tests

y of model

=
v

of the assumptions, and accept the validit

tests with similar accuracy for anslogous problems,

Another important point to remember is that the model
<o
35

tests described in thece reports apply methods o

"-
¢
4

obtaining engineering answers to cuesticns wiaich connot
be found more accurately at an acceplable cost any
other way. The very few large scale tests conducted

up to the present time are not sufficient by

)

g)
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themselves to form a basis for safety criteria. There

are several reasons for this:

- There is a lack of systematic investigations for differ-

ent geometries

- The majority of The test sites are not geometrically

.+ similar to sites in use

- Energy losses due to friction and viscous interaction
~with the walls are expected to be significantly different
Efor several of the tests due to relatively large differ-
“ences in wall roughness from site to site. This compli-

cates the quantitative compzarisons considerably

- There are severe difficulities connected with the iastru-
mentation due to the destructive power from debris and
the need for long trensmission lines between the pressure
transducers and the recording instruments. The inter-
pretation of many of the test results has therefore been
gquite vncertain

- Attempts to confirm the test results theoretically
have so far been inconclusive as to the possibility of
extending the results to widely different gecmetries and
providing reliable information oif the uncertaiailies ine
volved '

From these general observations it therefore appears tnat
the sparse data from the large scale results should be
used with some caution. This is especially true in
attempting to generalize or extend the results to a wide
range of different geometries., These tests will, how-
ever, ve guite important for direct comparisons with
geometrically similar model tests. In the event of future
costly large scale experiments it is considered essential

to have these preceded by wodel tests ag an aid in the

planning.
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TEST PROGRAMIS AWD MODELS

Yo ko
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The tezt programme was divided into four major
which are reported in the four remaining reports of this
geries:

- —— .t ——

Closed bomb tests to determine the average pressure exeried
on the chamber walls in underground amaunition storage
sites. The parameters wvhich were varleu in these tests

are shown in Fig, 3.1:

Vi= chamber volume
Q@ = charge weight and type of explosive

Aj= vented area

e e - —n - —

Determination of the blast wave propagation in the passage-
way of a single chamber storage site. The parameters
which were varied in these tests arce shown in Fig. 3.2:

Vi= chamber volume

Q

Aj= passageway cross section
L = distance along passagewa

i

explosive charge weight (INT)

—— S - ot o> ——

Determination of .the blast wave propagation in the main
passageway of a connected chamber storage site. ne para-
meters which were varied in these tests are shown in

Fig. 3.3%: ‘

chamber volune

V., =

i
Q = explosive charge weight (TNT)

t

Aj = branch passageway cross section
Ak = main pQSﬂa *ﬂv cross section

T = angle between branch and main passageway
L = distance along mein pessageway

]




N s

3.4

O
I

16

Reporti V

Determination of the blast wave propagatlon between connected
chamber storage sites and the blast load on doors in three
sites. The different geometries and the parameters which

were varied in the tests are shown in Fig. 3.4.

explosive charge weight

=
I

distance along maln passageway

Model Construction

The chambers were the most critical parts in the construc-
tion of the models in regard to strengith as average
pregsures up to 200 bars were expected with pressure peaks
up to 8 times this value. This required a type of steel
which would not be too brittle and a guality St 50 was
chosen., Ixample of the design of one particular chamber

. (V = 15200 cm3) is shown in Fig. 3.5 a with the standard

codes used in Norway.

To vary the chamber volume, various insertions wvere used and
some typical examples are shown in Fig, 3.5 b. As may

be seen, the inlays were mounted directly on to one of

the endpicces of the chamber.

Examples of the ‘connections between chambers and the tubes
are shovn in #ig. 3.5 c¢. This Jigure also shows the design
of some of the straight tubes (main passa wav) with the

pressure gauge mountings.

All chambers, branch passagevways and main passageways
were cylindrical, but using the cross section of the main
passageway as the scale reference, these steel models ars
ideally thought to be in a linear scale from 1:50 to
1:100 of typical configuration of Norwegian undexground
storage sites. The difference in the geometry of the
cross sections between model and full scale, is thought
to have minor influvence upon the test result.

k : o o .
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4. INSTRUMENTATION

4,1 Pressure Transducers and Megsuring Chain

To measure the pressure-time history in the various models,
standard instrumentation technigues were employed. The
pressure transducers in the detonation chambers and exit
ﬁubes were ol the Kistler 603 B, 601 H, and 6201 type with risc

times of 100 microseconds and a natural freguency of 400 Iz,

The mounting of the transducer in the devonation chamber,
~as shown in Fig. 4.1 a, was especially designed to reduce
the thermal response of the transducer to the high
temperatures of the detonation products. To achieve this,
a relatively large'caviuy in front of the transducer was
filled with a mixture of silicone oil and graphite. This
arrangement is expected to reduce the rise time of the
transducer by a factor of about 30, but this will not be
critical for the type of experiment reported here.
Similar precautions were taken in mounting the transducers
in the tubes as shown in Fig. 4.1 b, where a 2 mm thick
Silicon rubber plate served as a heat shield. This pro-
tection proved to be sufficient as the temperature rise
wes significantly smaller in the tubes than in the chamber.

°

The signals from the pressure transducers vwere nrocessed
as shown in Fig. 4.1 c¢. The output from the charge ampli-
fiers were recorded in either of two different modes:

-~ Mode A: The pressure-time histories were photographed

-

directly from oscilloscope displays

-~ Mode B: The pressure recordings were stored on an analog

tape recorder and subsequently played back to a CEC U.V.
vriter using light sensitive paper.

Mode A gives intrinsically the begt resolution of ahout
5 4 sec, compared to an approximate resolution of 2§/L sec
for mode B (40 kHz bvandwidth of Ampex).

’ . ’

|
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Transducer Calibration =nd System Linearitw

The calibration data for the transducers supplied by the
manufacturer were used to obtain the pressure. Several
transducers were occasionally mounted together in an explo~
sive charge driven shock tube to check the overall relative
accuracy of these calibrations. This is discussed in

Appendix B.

In spite of relatively reliable calibration data on the
transducers, there will of course be errors introduced by
the other components in the measuring chains. Some ides
of these uncertainties can be estimated from the specifica-
tions given in Table 4.2.

DATA REDUCTION

Curve Tracing and A/D Conversion

In order to efféctively analyse the pressure-~time record-
ings, a D-mac curve-~-tracer was used to convert the analog
signals to digital form. This is discussed in Appendix C.
Further data reduction was performed on an IEI1 370/155 and
frontpressure (maximum average overpressure), impulse,
positive duration and time of arrival were obtained. These
data were then sorted according to test configuration,
charge weight etc, and printed in tabular form /6/ end
punched on cards for further analysis.

Fitting Technicue for Scaling Relationships

For the 27 different model configurations described in
I

Repeorts III and IV, a total of 2200 blzst wave parameter
values (peak vrescure, imdulse, and ocsitive duration)

discussed in mnore deioil in Avpendix D.
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Flectrical Filter for Chamber Pressure

As will be discussed in Report II, the recorded signals from
the transducers mounted in the detonation chamber contained
high frequency ringing. This was mainly due to the multiple
reflected waves from the walls, but also to scme extent

due to vibrations of the chamber walls /31/. The signals
from the magnetic tape were in this case passed through

a carefully designed electrical filter used elsewhere

/32/. There were, however, somé alterations to the filter
used in Ref.32 and a full description is therefore given
in Appendix E.
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APPENDIX A
DEFINITIONS OF SYHMBOLS
A Cross-sectional area defined as:

Aj mein passageway, single chamber storage site

1 .
A_j branch passageway,; connected chamber storage site

1.

Ak main passageway, comnected chamber storage site

¢ Velocity of sound

D = 4A/S, hydraulic diameter

'E Elasticity module

B Conduction heat loss

D Deformation energy

Et Total energy release of explosive
e Local height of wall roughness element
€ Average height of wall roughness element

I Impulse (bar-. ms)
k = 2 € ¢/D, attenuation constant
L = Distance along main passageway from:

a) Chamber exit in single chamber storage sites

b) Exit of branch passageway in coanected chamber
storage sites

n Linear scaling féctor

P Peak overpressure (bar)

Q TNT chzrge weight

S5 Perimeter of cross-section of main passageviay

t+ Positive éuration of pressure pulse

ta Arrival time of shock front from time of detonation
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v Angle between branch and main passagevay

V  Chamber volume (closed bomb)

V;,  Chamber volume for single and connected. chamber storage
sites
v Total effective volume (Volume of chamber and tunnel

system up to the observation point
Inergy division facter for connected chamber storage
sites

Impedance function

Xi

Y

"y = Cp/cv » specific heat ratio

o Efficiency of feedback energy

AL Lamé's constant, def. in Fig. 2.3
/ai

T.amé's constant, def. in Tig. 2.3

Sfoo= ys D/y=1)
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DEFINITION OF TERMS USED IN UNDERGROUND STORAGE

Adit: A passage or tunnel leading into an underﬂ“ound

storage complex.
See Underground Storage

o

After-Burning: Blast or flames from post-detonation reaction
between combustible explosion gases and ambient oxygen.
This effect occurs for oxygen deficient explosives as
for example T N T.

See Blast YWave, Jet-Lffect

Average Overpressure: The pressure/time curve obtained by
talting the mean values of the pressures of the pezks
and troughs in a pressure oscililating system.

Average Peal overpressv*e: The maximum value of the average
overpressure, oee Average Overpressure

Ball of Fire (or Fireball): The luminous sdphere of
whnich Torms a few millionths of a second after

and immediately starts %o exvnand e id cool. The exterisy oI

the ball of fire is initia lJ, defined oy tnz
luminous shoclk front (in air) and later by the limits of
the hot gases themselves., Sez RBrezkawayv.

Blast Attenustion : The decrease in wnesk overpress
1mpuiae versus distance frem the explosion ¢
rarefaction wave and/or due %o energy Gissios
in tunnel systems such as viscous loss due t
roughness, thermel energy transmission to the

fo*naulon ate.

3

See Rarsfactinn Wave, Viscous Loss, Wall Roushnesg, Vertsa:,

Blagt Losding : The loading (or force) on an object cauge:
the 211 blast from an explosion striking and Tlow
around the object. It is a comvination of overnrs
(or di fP&CtJ“Q) and Jynam C pressure {or

gssu

Blast Prot

D

1

ective Construction ¢ Specifically de
elements suca as ovlast doors, vilast vzlves
or prevent the entry inio a chambar of the
the exvlosion of thz contents of an =2djacen
See Blast Door, 3Jlast Yelve, Rzst Vave.
Blast Resisting Toor ¢ A door specificzlly desigrned
The eniry 1nito a2 chamber of the gases, flame an
from the explosion of the contentis of an adjzcs
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Blast Scalines Iaws : Formulas which

vermit the calcu on of
the proyerties, e.g., OVﬁrwrvs ure, dynamic pre .¢e, T, D e
of arrival, duration, etc.of & blast wave at any distance
from an explosion of onv<1*1\C energy from the knom
variation with distance of these properties Tor s referen:
explosion of known energy, e.g. of 1 kilogram TIiT.

See Cube Ronot Law.

+
>

Blast Trap ! Special construction

obstacles, cross section changes

wave leaving or entering a passagewsy.

Blast Valve ¢ A valve in the ventilation system spacif
"designed to prevent the entry into a chamber of
wave from the explosion of the content of an adja

Cuna,

Blast Wall : A wall which supports (or bears) part or mass o
a structure, such as a blast door, spﬂcnflcaWIv designe
withstand the blest wave from the explosion of the cont
of an adjacent chamber.

Blast Wave : A pressure pulse of air, accompanied by winds,
propuratsd contlnuouslv from an explosion.

See Shock wave.

Branch Passagseway : The tunnel leading from the storage chs

To the mein pascageway in a connacted chamber storage si

Breakaway : The onset of a condition in which the Uaock fron

(in the air)moves away flom the exterior of the expand
ball of fire produced by the explosion.
Dee Ball of flT‘, shock fron%.

Pulk Velocitv : The resultant velocity impzrted to a mass by

.series of shock =2nd reflected waves,

Burst : Explosion or detonation.

P

terval) between the natural wal
ztorage sites,

pJ

lal
Chomtoer

sk

> ZSite : Hormally a chember axcavated
0r & So7io5 Or such chamners svecially adaviaed
Lorag; of zmmunition and =2xrlosives. A cavern
structurally modified to be ussd as 2 chamber
Connzcted Shanmber Stovasas Iite boAn excavated
Inver-connacLed Ly a.1 aucts 0r DASSIZINM
storage chamder.

e ound storarse

de
surface.,

Contained Exnlosion ¢ An explosion in an un
1 iduele or no venting to tha

Teatures in the tuanel sys
of an undergrouni storage site such as turns, crossovars,

o

s

q
15
n

Py

+ Ay
v

etc., to reauce thz blasy

N
e
Y

(u 4

)




Cover : The solid ground situated between the ceiling oxr wall
of an underground chamber and the nearest exterior zurls

Cr ter t A hole or chasm in the overourden caused by a
Tsubterranean ex010Q1o“. :

Cube Root Iaw : A scaling law avplicable to mazny blast
© vhencmena., It relates the tim2 and distance at waich a
given blast effect 1s observed to the cube root o ths

energy yieid of the explosion.

Damage Criteria ! Standards or measures usad in esitimating
specliic levels of damage.

Detonation. A violent chermical reaction within a

.J'
(L

1'1100 1

c!
compound or mechanical mixturce evolving heat and high
pressures. A detonation, in contradistinction to deflasra-
vion, is the reoction which proceeds through the reactod
naterial toward the unweacted material at a sumersonic
velocity. The wesult of the chemical reaction is an exer-
tion of extremely high pressures on the surrounding mo-
dium forning a propﬁgnting shock wave which is originally
of supersonic velocity. A detonation, when the materia

is located on or necar the surfoce of the ground, s nor-

mally churacterized by a crater. '

raction : The banding of waves around
In connection with a blast wave imoin
diffraction refers to the vassage arot
of the structure by the blast wave. Difly

ok

S
-4

of objectz.
strasturs
xnivelovment
n loading
the

o 0w

g3 ©

the force (or loading) on the struciu:
envelopment process.

Drags Loading : The force on an object or sbtructure due 1o
The transient winds accompanying tle wazsaze of a olass
The drag pressure is the vroduct ¢ tine dynamic prassursa
and a coefficient which is denendent unon the shape (o
geometry ) or the structure or cojecs.
See Dynamic oregsurea,

Dynemic Pressure : The alr p sults from ths

) mass air tLow  {or wind cck front of a

higst wave. It 1is equel T : o hali the
densiiy of the air througih which the blast wave passes
ondbhe souars of the varticle (or wind) velocity in the
wave as 1t impinges on the object on structure.

{

W
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Effective et Bxvplosive Ouantity: See Het Exnlosive Juaniit -,

Elastic Ransge :
recover 1its
is rﬂmoved

changes occurring within the eles

See Plastlc

The stress range in which a material Wil

128 ;
original form when <he e (or WQQalq )
Blestic deformation e dl.en31on;}

-
Ranzs,

Emergent Shock or B

ast : The shock wave ilgsuing from an

aalt, a vent

Bl
or

Lxplosion. The ropid production of hot gases at 2 high

—— e

Dles;ule as the

result of a chemical recaction and the

sudden release of this encrgy to cause strong ¢ynamic

stresses in the
the effect of a
high explosives
the effect of a

surroundings. The term usually relates to
detonotion oi initiating explosives and
but applies ‘in certailn circumstanrces to
deflagration of propellant explosives.

Explosion Provagation : 4 hrooes0 where the explosion in

one chanmbexr ¢

causes an cxplosion in an ad jacent chamber

due to blast, hot flames, or debris.

bxnlosive., A subs

a practical effec

An explosive atmos

sidered to be an

stance manufactured

1‘._:~ t11 a -\/ri,;;hr '{';O pr.o\—lucv
t by explosion or a pyrotechnic affect.

phere of gas, vapor or dust is not con-
explios ive,

[aga

Exferior Tuantity-Diszt-ncs, The mininun permissinle

distance cetween a bullding or stack contvaining amnunition
i 5 y v - - - . 2~ Y -~ oo

or explosives ond a tuilding or an ussembly plzce or a

public traffic route outside the swplosives arca.

Free Air Qvernreasur

pressure,
created in

Fullsecale Trinln
sives (tons)
simulate and
explogions.

i Detonation of large cuantities of explo-
in large scale JLSt&l¢QLLOﬂS in rock to
observe the eifects from possibie acclcdental
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Geometrical Copyv iModel

l']os-t-s .

cally similar model

Imnulgo The product

Ox i

AT

Tegts in a scaled down geometri-

“a full scale installation. The linesr
scales of the iwodel are reduced by a scaling factor n, and
the explosive charge weight by a factor of n3 compared %o
the full scale installation.

the overvressure {or dynanic

cf Dres
“from the blast wave of an e w10310n end the t*" during
“which it acts at a given point. Hore specif feeliy, it
integral, with re99~ct to time, of the overnressure (or
dynemic pre 'ure), the integratiOﬂ being between the i
of arrivel of the blast wave and thavt gt wiich the over-

pressure (or dynamic pressure) rutarno

glven point,

Interior Quantity-Dis

tTo zero av the

ct

tance. The mininum pernissible

5

distance between a building or stack containing anmuni-~

tion or e¥plosives an

d

another such building or stack

inside the C/DlOolJCS ar:a.

Linear :c3314~ ractor

The ratio n between the linear dimen

0. 2 full scale ingtallation and a geomefrlcellv elﬂwla
nodel. The model tests ave then said to be in a linear

scale 1:n.

«

Loadinz : The force on an ohjo“t or S*TdCuur“ or 2lemaent of
a structure. The loading due to biast 5o tha2
net vrassure in excess of the amblant 1ied
by the area of the losded object evc.

Loading Density : The ratio Q/V, where Q is the total net

exvlosive quantity and V is the volume of
ment, €.g. a stoxr

Vlach Tront ¢ Soe La

-~

the confine-

age chanber.

P ]

onh

sion
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Iigch 3tem : The shock front formed by the fusior of the incid
ana reflected shock fronts from an explosioci, iz baim 2
generally used with reference to a blass weve, nropa-
geted in the air, reflected at tne suriace of the GETE -
The Bach stem 1s nearly perpendicular fto the »2llaciing
suriace and prvucnts a ollgnulv convex (fouward) Frons.

The Mach shem i also called the lach fron',
See Shock front, Shock wave,

Main Passagewav passage or tunnel leading into an under-
ground £torag e comnlen.

Mass LYﬁlO\lO“c An explosi.
stantans usly the enti Q
consideration. The term usually relates
but also applies %o aeflagration witen the practical ef-
fects arc similar, for ple the ny
propellant under very strong conlinecment so as o pro-

duce a tursting cffect and a scrious hazard from dcbris.

¥odel Tests : See Geometrical Copy Model Tests

[RRSv,

w

Net Ixnlosives Suwytity. The net explosives guantity 1

total explosives contents of ammunition unless it

S
g
o]

has been determined that the effective guantity is signi»
ficantly different from the actual quantity. It does not
include such substances as white phospherous, war goses
or smoke and incoendiary cdmpositions.unless these sub-
stances contrivute significently to the doninant hazard

of the hazzred division concerned.

Overhead Cover @ See Cover

Ovrrovo"ﬂlre : The Lransiecent vressure, a2asad in g
poliids ner sguare inch  exceeding nressure,
ranifestsd in thz shock (or blest n 2xnloszl
The variation of the overnresaoure naY on
the energsy yield of *he exploaion L Trom bu
voint of burst, and the meiiam in vhn"n thie exoleosive 1
detonated. The peak overwvressure is | : i s
the overnressure at a ”Lven iocation
expnerisnced at ti he shock

reacnas that lOCuGluj.
See Jhook wava,

W
19

(e
i

D

i3, €1
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Particle Velocity : The local velocity
trencsmission of a shock or a refle

Peak Overpressures : 3ece Qvarorsssura,

Plastic Range The stress range in which a woserial will n
fail “inen subjected to the action ot 2 ut will
recover comﬂle*ﬁTy, so that a vermanent sion re
when the force is removed, Flastic i) refers
dimensionzal changes occurring within thes Dlasvic rungs.

See : Llla\)tlc r\...x e’T@.

l

Positive Phege : 3See Shock ‘lave.

Propagation by Hot Gases ! See Exvlosio:

2

Provraation.

Provagation by Rock Bvall !t See Exvlosion Proonzation.

Quantity-Distonce. The minimum permissible distance be-

L

tween 2 building or stock containing a given guantity

of ammunition or explosives and zny other exposaed
structiure, assenbly ﬁlgce‘or traffic route. It iz dased
on an aceceptable risk to life and property from the ef-
Tfects of a mass firoe or an exp1051on°

Rerafaction wave : An underpressure pulse produced as tie
Plast wave emerges from the open end of a duct and ¢rave15
back into the duct increasing the norral pressure decay.

Reflection Pecteor ¢ The ratio of th: val
pressure t0 the irncident nressurse when J
wave travelldng in one medium strilkes anoth

Reflectaed Pressure : The total »ressure which weeults
instavvaszousiy at the surface when a siccis (or blast)
wave travelilin ; oLngr ium
e.g., at the 1 2VE
air striles the

Reverberations : The vressure osciliations orziuced in a
consingd svace by the transit of shocks sl raflacted
shocks in the gases.,




Sceling Tactor : Ses  Yinear Scaliwne Feoctor,

Scaling Law: A mathematical relatlonshlp which permits the
etffects of an explosion of given energy yield to be
determined as a function of distance from the explo-
sion, provided the corresponding efiect is known as
a function of distance for a reference expleozion,

e.g. 1 kg TNT. See Blast scaling law, Cube oot law.

+

Y

Secondarv Pezks : The highest v»ressure recorded in the traons-
mission of each of a series of reflected shocks followving
the 1initial shock end its vprimarv reflected shock.

Shock Tront (or Presziure Front) : The fairlv sharv boundar:
between the nressiure distarbance created by an exvlosion
(in air, water or earth) znd the ambient atmosvnere, waver
or eartn reSDCCuxvely It constitutes the front of the shock
(or hlast) wave. '

Shock Wave : A continuouslv vropagated vressure vulse (or wave )
in the surroundine medium which mav be air, water or esrih
initieted b the exvansion 0T the hot geses pfOﬁl“FQ i oan
explosion. A shock wave in &ir is generaslly referred to as z
blast wave, because it is similar to (snd is accomwnanicd b )
strong, bat transient, winds. Th duration of a shock {or

: blast) wave is Qlctlngalshoa by t\o vhases. ¥irst thers is

& the vositive (or comarension) phasa during which the

[ oressire rises verw sharosly to a velze that is higher then

| ambient and then decroq"ev ranidly to the amnbisnt oressure.

; The daration of the vositive nhese increases and tne wowliTun
(pealr) sressure decreases with 1poreaqing distanc: from an
explosion of given energ: yield. In the sszcond vihnse, the
negative ( or suction) vphase, the vressure folls telaw I
ambient and then returns to the ambizsnt walus. T R

: of the nﬁratﬂva UHO"e 18 aonrov*W"*ely CUil5 5

‘ the blest wave historyr and mar be several time

=
o
[l S ) B

during the negntive nhese are never la

&
with incrensing distance from the c¢ixnlosi
See : Overnresaare, '

V]
1
of the »ositive phase. Deviations from the an
n
i

& o . - o = - L g 5 2
. . .

Single Chrvher %+“”“rn Site excovabted chamber which arg
g = e A Q 1 5<h o &
1S 1TIQT c"*el;p and 1s noL connoctel

M - 3, -
air sgngew to ~nv othier sitorsxd Cnwilddr.

Static Precuwrs @ See Overncoasare.

Storarse Cheﬁbﬂr 3 AD exv vated chamver in rock used for storage
nunition.
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Thermal Eneray: The energy emitted from tho ball of fire as
thermal radiation. The total amount of thefrmal encrg:
received per uvnit area a%t a specified distance from a
nuclear (or atomic) explosion is generally expressed

in terms of calories per sguare centimeser.

INT Fouivalent: A measure of the energ y relec. ed in the
detonation of ammunition or exnlo veg o a given
quantity expressed in terms of thc guantity of TiI7

which would release the same amount of ensrgy when
exploded° The THT equivaelent is usually stated in xilo-
grams or tons. The basis of the TNT qulv“lexce is
that the explosion of 1 ton of THT releases 10° calorics
of energy.

Uncontained ®xnlosion : An explosion taking place in open air

or - on.a free surface.

xnlosives or
he surfece of theo

~ond Txwnlosion @ The explosion of e
mation with its centre heneath b

Undersrourd Storrme. Stornge in 2 cavern or chambe
c

storage <site wi

-
[V
natural ground level and storage in 2 site tunnelled

into 2 hill.

o5!

4 - - oo G :

Undereroand Storoes | ‘“tn : A cavern or chamber storage siwe vt
) ceili:a ot Less taan (0 cm belor the natural zrouto
g 5 &£ - o o B T P N
level, anaciall: sdevted Tor the storage of Iiinanlolidn

reduction of »ressar
die to th
\ohnnr cnzweer, throuagh en

-

1n the overburdan.

Venting

wm

relesse

-

Yortexl A turbulent movementi of g
passinz constrictions, cormer

LD
Vizcoas Tezs : A reduction in pesak vressure at the zhock ;r9§3
whicn results frem the roughness of tunnel or wuove wells.

Well Roirhnass The average height of the irregularitvies
of the wz2ll of a tibe or tuznel.
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APPENDIX B
PRESSURE TRANSDUCERS AND MEASURING CHAIN

i

CALIBRATION -©C

The purpose of the calibration was to check the pressure
transducers and to find the exrors introduced by the
total signal processing chain and digitiziné systemn.
Fig. B.1 shows the explosive charge (TNT) driven shock
tube used in the calibration. Six pressure transducer
were mounted head on at cne end of the tube on 2 circle
around the centreline of the tubse. The transducers were
also heat protected from the detonation gases by a layer

of silicon grease.

The measuring chain was as shown in Fig. 4.1 ¢ (¥Mode A),
and the pressure-time recordings were digitized as dis-
cussed in Appendix C. The pealk pressure, impulse and
positive duraticn as well as mean standard deviations-
were found employing special computer programmes, Apnvendix
The calibvration data supplied by the manufacturer vere

sed in these cealculations, Two sets of six transducers

were listed, one set with serisl number and higher numbers

The results are shown in Table B.i. As may be seen, the
mean standard deviation for peak pressure was about 4%

and for impulse about 8%.

During the course of the experiments to be di
the following repcrts, occasional checks oi this
showed that the transducer calibrations remai
ably constant (X 5%). There were a few instances where
one transducer would suddenly Fail, but this ceould easily
be detected from the grossly erronecus pressur

('.)
ol
)
t
AW
48}
s
o

certain charscteristics in the total pressure-iime histor;

(noise, discharge pattars).
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